Animal studies have shown that the power output of the left ventricle is related to afterload by a bell-shaped curve. Furthermore, the normal ventricle operates at the maximum power point, whereas the diseased ventricle operates off the maximum power point because of increased afterload. We studied this relation in eight patients with dilated cardiomyopathy. A high-fidelity catheter with micromanometer pressure and electromagnetic velocity transducers was used to measure blood pressure and flow velocity in the ascending aorta. The latter was converted into volumetric flow by calibrating with the simultaneously determined thermodilution cardiac output. Ventricular power was calculated by dividing the integral of the aortic blood pressure-flow product by the duration of the cardiac cycle. Intravenous nitroprusside was used to alter afterload and the power-afterload relation was obtained by plotting power against mean aortic blood pressure. In all patients, as blood pressure was lowered initially, the power output of the left ventricle increased. As the dose of nitroprusside was increased further, the total power either plateaued or actually decreased. The averaged power and the mean blood pressure at control were 1.00±0.62 W and 92±9.3 mm Hg, respectively. The averaged maximum increase in power with nitroprusside was 22%, to 1.22±0.73 W, and this occurred at a mean pressure of 80±8.8 mm Hg. This study showed that the power-afterload relation in the human ventricle has a maximum power point at some intermediate level of afterload, similar to that found in animal studies. Instead of operating at the maximum power point, the failing ventricle operates far to the right of the peak because of inappropriately elevated afterload. This mismatch between the left ventricle and the arterial circulation resulted in a submaximal transfer of power. Afterload reduction improves power output by an improvement in matching between the left ventricle and the periphery. (Circulation Research 1992;70:530-535) KEY WoRDs power * afterload * left ventricle
Animal studies have shown that the power output of the left ventricle is related to afterload by a bell-shaped curve. Furthermore, the normal ventricle operates at the maximum power point, whereas the diseased ventricle operates off the maximum power point because of increased afterload. We studied this relation in eight patients with dilated cardiomyopathy. A high-fidelity catheter with micromanometer pressure and electromagnetic velocity transducers was used to measure blood pressure and flow velocity in the ascending aorta. The latter was converted into volumetric flow by calibrating with the simultaneously determined thermodilution cardiac output. Ventricular power was calculated by dividing the integral of the aortic blood pressure-flow product by the duration of the cardiac cycle. Intravenous nitroprusside was used to alter afterload and the power-afterload relation was obtained by plotting power against mean aortic blood pressure. In all patients, as blood pressure was lowered initially, the power output of the left ventricle increased. As the dose of nitroprusside was increased further, the total power either plateaued or actually decreased. The averaged power and the mean blood pressure at control were 1 It is well known in muscle physiology that muscular contraction is governed by the force-velocity relation, in which the force generated by the muscle is inversely related to the velocity of fiber shortening by a hyperbola (Figure 1 , top panel).12 Power, the rate at which the muscle does external work, is given by the product of velocity and force. At the extremes of the force-velocity curve, either force or velocity is zero, and so their product is also zero. Thus, when power is plotted against force (i.e., afterload), the resultant curve is a parabola that approaches zero at extremes of force and rises to a maximum at some intermediate level of force ( Figure 1, bottom panel) .3 In the intact ventricle, power output is determined by the product of blood pressure and flow, and no knowledge regarding ventricular geometry or fiber orientation is required. Thus, this concept can be directly extended from the isolated muscle to the intact ventricle.4 It has been shown in animals that the power-afterload relation indeed is a parabola5-7 and that the normal ventricle operates close to the maximum power point for maximum efficiency. Furthermore, when ventricular function was depressed by the injection of microspheres into the coronary circulation, the operating point of the ventricle fell from the maximum power point.7 Although the power-afterload relation is well known in isolated papillary muscles and intact animal ventricles, it has not been applied to the study of the human ventricle. The current study was designed to apply this concept to human subjects. More specifically, we studied patients with dilated cardiomyopathy to investigate if their power-afterload relation had a shape similar to those in the animals. Furthermore, we wanted to demonstrate the mismatch that exists in congestive heart failure between the left ventricle and the arterial circulation, resulting in the ventricle operating at a point of suboptimal power generation.
Subjects and Methods
Subjects
The subjects of this study were patients with dilated cardiomyopathy undergoing cardiac catheterization for evaluation of congestive heart failure. Twenty patients were screened, and among them, eight had aortic flow signals that were satisfactory for analysis. There were six men and two women, and they ranged in age from 25 
Data Acquisition
The blood pressure and aortic flow signals were recorded along with a limb lead of the electrocardiogram. They were acquired directly by an IBM-PC with an analog-to-digital conversion board (model DT2801, Data Translations) with 12-bit resolution and an input range of 0-10 V. The data were acquired at a rate of 400 Hz, and each recording interval was 12.5 seconds. The data were then stored on floppy diskettes for later analysis.
Protocol
All patients studied were clinically stable. All medications, except for antiarrhythmic drugs, were withheld the morning of the study. Vasodilators were withheld for 24 hours. After placement of the catheters, baseline recordings of left ventricular and aortic pressures, aortic blood flow velocity, electrocardiogram, and thermodilution cardiac output were made. The patients were then given an infusion of nitroprusside at 0.25 gg/kg/min. After 3 minutes of infusion and when the hemodynamic parameters had stabilized, a new set of pressure, flow, and cardiac output data was acquired. The dose of nitroprusside was then increased at increments of 0.25 ,ug/kg/min, and new recordings were made 3 minutes after each change in dose. Nitroprusside was discontinued when the systolic blood pressure decreased to <90 mm Hg or if the total drop was >25 mm Hg.
Data Analysis
All data analysis was performed using an IBM-PC. The pressure and velocity signals from one data collection (12.5 seconds) were signal-averaged to produce representative waveforms. The velocity signal was converted into volumetric flow by calibrating with the simultaneously obtained thermodilution cardiac output. Instantaneous left ventricular power was obtained by the product of aortic pressure and flow, and total power for the entire cardiac cycle was then determined by integrating the area under the instantaneous power curve and dividing it by the length of the cardiac cycle. Total power was plotted against mean aortic pressure (which is used as an indicator of afterload) to give the power-afterload relation of the left ventricle.
The changes in blood pressure, cardiac index, heart rate, left ventricle end-diastolic pressure, and total power with nitroprusside compared with control were analyzed with the paired t test. A value of p<0.05 was considered statistically significant.
Results
A typical example of the data collected from a patient during nitroprusside infusion is shown in Figure 2 . The data included electrocardiogram, aortic blood velocity, and left ventricular ascending and descending aortic pressure waveforms. Only -2 seconds of data was shown; the entire data recording interval was 12.5 seconds. The pressure waveforms were excellent in all patients screened, but the velocity signal was not always satisfactory. Only recordings with flat baseline and no significant negative dip during diastole were considered acceptable for analysis. Out of 20 patients studied, eight had excellent velocity signals and were used for the present study. An example of the signal-averaged blood velocity and left ventricular and ascending aortic pressure data is shown in Figure 3 . The descending aortic pressure shown in Figure 2 is not used for the current study.
The hemodynamic changes in the patients with the administration of nitroprusside are illustrated in The average maximum increase of total power with nitroprusside infusion was 22% (from 1.00±0.62 to 1.22+0.73 W (p<0.05), Table 2 ); in all patients, this was achieved before the maximum dose of nitroprusside was reached. As the dose of nitroprusside was increased further, the total power decreased. In two of the patients (Nos. 6 and 8), the total power decreased by >10% from the maximum.
This finding was graphically illustrated in Figure 4 , in which the total power of the left ventricle is plotted against mean aortic blood pressure. In all plots, the normal operating points for these patients are on the right end of the graph, with an averaged mean blood pressure of 92±9.3 mm Hg. This is far higher than the optimal afterload (80+8.8 mm Hg) at which the ventricle generated maximum power.
IDiscussion
This is the first study to focus specifically on the inotropic state of the ventricle changes. This operating point is also where the output impedance of the ventricle is matched to the input impedance of the circulation, resulting in optimal transfer of power. Furthermore, in one of the studies,7 when ventricular function was depressed by injection of microspheres into the coronary circulation, the operating point of the ventricle fell from the apex of the power curve. These observations were independent of preload.
In patients with ventricular failure, the decrease in cardiac output causes a neurohumorally mediated vasoconstriction, resulting in inappropriately elevated afterload.9"10 This will shift the operating point of the ventricle far to the right of the power maximum. The resulting mismatch between the left ventricle and the arterial circulation will cause a submaximal transfer of power.
Thus, one benefit of afterload reduction in left ventricular failure is to shift the operating point of the ventricle back toward the power maximum, resulting in increased power output and efficiency of the ventricle. In a study by Yin et a18 in which nitroprusside was given to patients with heart failure, they found that, while the left ventricular power increased with nitroprusside infusion, the power output of the right ventricle initially increased but eventually decreased as the dose of nitroprusside was increased. One possible explanation for this is that their patients had predominantly left ventricular failure, resulting in the shift of the left ventricular operating point far to the right of the power maximum, while the right ventricular operating point was only displaced slightly. Thus, when afterload was lowered with nitroprusside, the left ventricular power output increased, but since its operating point was so far to the right of the power maximum, the dose of nitroprusside was not enough to reduce the afterload sufficiently to reach the point where power started to decline. In contrast, the right ventricle operating point was only slightly displaced; the dose of nitroprusside used was enough to show the rise and fall of total power as afterload was being reduced.
The power-afterload relation is unique among the various indexes of ventricular function in that it can define the optimal afterload at which the ventricle should be operating. This will be useful in guiding the use of afterload-reducing agents in the failing ventricle so as to prevent overtreating or undertreating the patient. Furthermore, this relation may be useful in following chronic heart diseases such as aortic or mitral regurgitation. The well-compensated ventricle may continue to operate at the optimal point until it starts to Mean Aortic Pressure (mm Hg) fail, and then the operating point of the ventricle will start to fall off the peak of the power-afterload curve.
Limitations of the Study The current study used an electromagnetic velocity probe to measure blood velocity, and it was then calibrated into volumetric flow by comparing it with thermodilution cardiac output. This assumes that the velocity profile in the region studied is flat and that there is little change in aortic cross-sectional area over the cardiac cycle. Several studies have shown that the velocity profile at rest in the ascending aorta is, indeed, virtually flat across its diameter."1 Although small changes in aortic cross-sectional area do exist over the cardiac cycle, the magnitude of these changes is small (1-3%), particularly in the cardiomyopathic ventricles with low stroke volumes, and the error introduced should be negligible. The quality of the velocity signal is dependent on many factors, and sometimes the signal is less than optimal. To increase the signal-to-noise ratio, we used signal-averaging techniques in our data analysis Previous studies with nitroprusside14 have shown no significant changes in heart rate; this was also the case in the current study (Table 1 ).
In the isolated papillary muscle, the instantaneous force-velocity and force-power curves shift to different levels if the initial muscle length (preload) is changed.15 But in the ventricle, it was found empirically that, in the physiological range, some ventricular parameters are relatively preload independent. In general, these are more likely to be ejection-phase rather than isovolumicphase indexes.16 Even though total power is an ejectionphase parameter, it is unclear how dependent it is on preload. It could be argued that the decline in power output in some of the patients is due to the decrease in preload with the infusion of nitroprusside. This is unlikely because previous studies have shown that nitroprusside does not significantly alter angiographically and echocardiographically determined diastolic volume.8'4'7 Finally, the change in preload is modest at best, and the left ventricle end-diastolic pressures remained elevated in most of our patients even at the peak dose of nitroprusside.
In summary, this study has shown that the powerafterload relation in the human ventricle has a maximum power point at some intermediate level of afterload, similar to that found in animal studies. The failing ventricle operates far to the right of the power maximum because of inappropriately elevated afterload. Further study in normal hearts will be needed to determine if the healthy human ventricle operates at the maximum power point, as is the case in animal studies. If this is confirmed, the unique feature of the powerafterload relation in defining the optimal afterload will be useful in guiding treatment and monitoring of various heart diseases.
